The design and experimental performance of a 40-GHz microwave photonic link scheme developed for broadband analog signal transmission that exhibits an increased input dynamic range compared with conventional microwave photonic links is presented. The scheme achieves an extension in the input power operating range by switching between two photonic links designed to operate at different input power levels, where the optical fiber provides the required delay for the switching operation. Although the extension in the dynamic range is noninstantaneous, the scheme has application in high-sensitivity receiver systems in a pulsed signal environment due to its feedforward gain control mechanism. This paper presents, through a realistic simulation study, the device parameter values required for optimized performance of a wideband (2-40 GHz) link with the noise figure, sensitivity, and dynamic range performance of each link and the composite link. A total Bsynthetic[ dynamic range 9 100 dB with a minimum detectable signal of À110 dBm at a 100-kHz noise bandwidth can be achieved for the 2-40-GHz frequency range operation. The simulation results compare well with experimental results obtained with a practical implementation of the dual link architecture. The design and operational details of the switching circuitry required are also presented.
Introduction
Micro/Milli-meter wave photonic links (MPL) offer a number of significant advantages over coaxial cable based microwave links in a variety of applications [1] . The advantages include low loss (0.2 dB/km) and weight, high bandwidth, and immunity to electromagnetic interference. Electronic warfare (EW) systems are one such example where MPLs can be used to connect spatially separated antenna/sensor elements to the sophisticated signal processing units. With the frequencies of modern radar systems ranging from sub-gigahertz up to millimeter-wave frequencies, the use of optical links with broad bandwidth will be desirable. However, the major barriers for the ubiquitous use of these links in these applications has been the relatively higher noise figure (NF) and limited dynamic range compared with coaxial cable links. These limitations are primarily due to the inefficient electric-to-optic and then optic-to-electric conversion, the added noise by the active photonic components and signal distortion due to nonlinear optical modulation.
A standard MPL consists of either a directly or externally modulated laser source, optional optical amplifier, optical fiber, and a photodiode. For high-frequency applications, external modulation using either a Mach-Zehnder modulator (MZM) or electroabsorption modulator is preferable, while direct modulation can avoid the nonlinearity and optical power handling issues of external modulators. A variety of techniques have been presented so far to increase the dynamic range of MPLs. They include electrical and optical techniques for linearization with varying complexity [2] - [6] , techniques that have focused on increasing the gain of the link by using high power lasers [7] , optical amplification [8] , [9] or increasing the optical power handling and linearity of the photo-detector (PD) [10] . Other methods include optical carrier suppression [11] , [12] and low biasing of modulators [13] that improve the signal to average power levels incident on the PDs [14] . The latter methods however are more effective in the presence of optical amplification and sub-octave frequency ranges [15] . Furthermore, parallel modulator [16] , [17] , balanced detector [18] , and coherent techniques [19] , [20] have also been presented. All these methods have considerably improved the performance of analog optical links; however, the links may not still cover the full dynamic range required in some applications and can be limited in bandwidth and sensitivity. Also, most of these techniques require complex setups, highly sensitive operating points, or costly components. An excellent summary of performance limits of the conventional MPLs can be found in [7] .
We recently developed a novel dual optical link architecture that can extend the input dynamic range of a wideband MPL using standard commercial off-the-shelf radio frequency (RF)-photonics components [21] where an initial design was briefly reviewed in [22] . The technique utilizes a parallel link topology with a high-sensitivity and low-sensitivity MPL. Switching logic is used to select which of the link outputs is most appropriate for the receiver, based on the detected power in the RF signal. This dual link architecture acts as a feedforward gain control mechanism with the optical fiber length providing the required delay for operation. Although the extension of the dynamic range is noninstantaneous, this system works well in a pulsed signal environment by switching to the lowsensitivity link (LSL) in the presence of high power pulses, avoiding signal compression in both the MPL and the receiver unit. The low loss delay provided by the optical links is an added functionality that overcomes any latency in the switching operation. This provides a Bsynthetic[ extension of the dynamic range and provides an effective method to extend the input dynamic range of not only the photonic link but the receiver system as well.
This paper presents the detailed design and performance of the extended dynamic range (EDR)-MPL using a realistic simulation study and shows experimental results of an optimized implementation of wideband (2-40 GHz) EDR-MPL system developed for field trial. This paper is organized as follows. Section 2 describes the dual optical link architecture, while Section 3 gives the details of the simulation model. Section 4 presents the simulation results, together with the requirements for optimum implementation of the composite link. Section 5 gives consideration in the design of the detector circuit path with details of the switching operation. This is followed by experimental results of a practical implementation of the link in Section 6, together with further discussions. Finally, conclusions are given in Section 7.
2. Micro/Millimeter-Wave Photonic Dual Link Architecture Fig. 1 shows the architecture of the EDR-MPL system consisting of two photonic links: one a highsensitivity link (HSL) and the other an LSL. These links provide two different signal paths that are linked to a single output. The output from these links is selectively switched into either an analog or digital receiver for signal processing purposes. The input is initially amplified by a low noise amplifier (LNA) in order to lower the NF of the overall link. In the HSL, the majority of the RF signal power obtained through an RF directional coupler is modulated onto an optical carrier using an external MZM optical modulator. This signal can be further amplified by another LNA before modulation, and this link is designed to accommodate very low power RF signals, thereby defining the sensitivity of the EDR-MPL. For larger input power levels, however, the HSL undergoes saturation and distortion due to the nonlinear transfer function of the MZM and RF pre-amplifiers. In addition, at high input RF powers, the output power through an optimized optoelectronic link can exceed the maximum input power range in modern high-sensitivity EW digital receivers.
In the LSL, an attenuated RF signal from the directional coupler (À20 dB nominal) is used to modulate the MZM. This signal can be further attenuated by an RF attenuator. This link accommodates larger input power levels without distortion, achieving this at the expense of sensitivity. The LSL therefore defines the upper limit of RF power that can be handled by the EDR-MPL. A switching logic circuit is used to redirect the appropriate signal channel into the receiver unit. Typically, a small proportion (5%-10%) of the optical power from the HSL will be tapped off into an RF-detector path to determine the signal power that activates the switching circuitry, while a short additional fiber spool (if the transmission fiber is not sufficient) can provide sufficient delay for the switching latency without significant loss in the signal. A switching time of G 250 ns can be achieved with standard commercial components, requiring a fiber length of 50 m, and can be further reduced, as discussed in Section 5. The output of the HSL can then be amplified by a microwave power amplifier (MPA) to extend the operational power window of this link without output RF signal saturation. On the other hand, the LSL can be amplified by a LNA with higher gain to compensate for the earlier losses before optical modulation that will also reduce further addition of noise.
Description of Simulations
The aim of the simulation was to investigate the architecture, components and device parameter values required to provide the optimum dynamic range and noise performance for the EDR-MPL. Different scenarios were evaluated for the HSL and LSL that had different amplification and attenuation. The HSL can have up to 60 dB pre-amplification in its path before the modulator utilizing the two RF amplifiers (before and after the RF coupler). The LSL can have different attenuations in its path after the À20 dB coupler. These variable modules are shown in dashed lines in Fig. 1 . In addition, at the output of the PDs, the HSL and LSL can have either a MPA or a LNA for postdetection RF amplification.
The numerical simulation was carried out using commercial photonic software, i.e., VPITransmissionmaker, with its tested optical modules, and took into account a range of typical photonic and RF component parameters as detailed in Table 1 . The RF amplifiers were simulated using additional white noise sources and signal processing modules that gave accurate operational characteristics. The relative intensity noise (RIN) of lasers is specified at a measurement power of 50 mW and will inversely vary with the laser output power which mimic the behavior of a typical laser.
A 1-MHz frequency resolution was selected for the simulation as a compromise between resolution and simulation time. This also takes into account the performance requirements of the digital receiver to be used for processing of the received signals, which requires signals to be approximately 10 dB above the noise floor in a 100-kHz bandwidth. Since the final instantaneous operation of the receiver was limited to a single octave, second-order distortions due to modulator bias drifts and component nonlinearity was ignored. The RF amplifier bandwidth was limited to 2-40 GHz that will dictate the total thermal noise power; however, a gain roll-off for individual components over the bandwidth was not included as the aim was to identify nominal gain for the components. The MZM were biased at quadrature, and a 3-dB additional optical loss was also assumed for connector/splice and fiber losses. To obtain the dynamic range, a two-tone simulation was carried out for a signal with 100-MHz frequency separation applicable to frequencies from 2-40 GHz. Fig. 2 shows an example input-output response for the HSL (solid line) and the LSL (dashed line) that diagrammatically explains the concept. It shows the output signal power, noise power (in 100 kHz bandwidth), and power of the third-order spurious products. The HSL is constrained at the lower input power end by the signal-to-noise ratio (SNR) requirement and the high input power end the by the onset of output signal compression and saturation of the RF post-amplifier at high input RF powers. The switching logic will switch to the output from the LSL at some pre-determined point before this occurs. Similarly, the LSL will be constrained by the onset of spurious signals due to MZM nonlinearity and saturation of the RF pre-amplifier.
Simulation Results
In this paper, the minimum detectable signal (MDS) is defined as the input power value for which the output power is 10 dB above the noise floor (in 100-kHz bandwidth). Consistent with the MDS, the maximum input signal (MXS) is defined as input power value when the spurious signal power is 10 dB above the noise power. In order to extend the input dynamic range of the EDR-MPL, the MDS of the HSL should be reduced by increasing the sensitivity of the HSL. Likewise, the MXS of the LSL should be increased by delaying the onset of spurs, while keeping an appropriate overlap between the two responses so that switching between the HSL and LSL can be performed seamlessly and without signal loss or degradation. In other words, the MXS of the HSL needs to be larger than the MDS of the LSL (typically in the range of 10 dB). The total Bsynthetic[ dynamic range of the EDR-MPL is the input power range between the MDS of the HSL and the MXS of the LSL, as depicted in Fig. 2 . In the next subsections, the HSL and LSL are analyzed separately to evaluate the effects of different component parameters on the composite link performance. The diamond symbols in the figure indicate the HSL with 60-dB RF pre-amplification, while the square symbols depict when the gain is 35 dB. Note that the V is the half-wave switching voltage of the optical modulator, and the NF of the overall link is calculated rather than the NF of the optical section alone to give better comparisons with coaxial cable based RF links.
HSL
From Fig. 3 it can be seen that the NF of the HSL with the higher RF pre-gain (resulting from a cascaded RF amplifier configuration) is governed by the noise performance of the amplifiers ðNF ¼ 4 dBÞ, as expected. There is a NF penalty only when the RIN of the laser is above À140 dB/Hz. On the other hand, the NF varies with the optical component values when there is lower RF gain before the modulator. In this case, as in a typical MPL, a smaller V and higher laser power produces the best noise performance as the NF of the optical part of the link has a significant effect on the overall NF [7] . Fig. 4 shows the MDS for the HSL when (a) the MZM V and (b) MZM insertion loss is varied with other parameters kept constant, as before. It is observed that the MDS can be maintained at À110 dBm with a higher RF pre-gain in the HSL while the MDS is reduced to around À107 dBm with lower RF gain. It also indicates that when higher pre-amplification is used, the stringent requirements of the optical components such as low MZM V and low laser RIN can be relaxed, which can lead to lower implementation cost.
In summary, we note as expected, that larger pre-amplifier gain will lead to lower NF of the HSL and, hence, the best sensitivity. However, having very high gain at the antenna units can be disadvantageous due to power consumption, heat dissipation, and the generation of spurious signals due to the second amplifier saturation. It is therefore appropriate to use the lowest gain that gives the required NF performance. However, this will depend on the noise performance of the optical part of the link when different optical components are used. Fig. 5 shows the overall NF for three cases of optical component variables. The triangles depict a best-case scenario where laser power ¼ 100 mW, RIN ¼ À160 dB/Hz @ 50 mW, MZM V ¼ 4 V, MZM insertion loss ¼ 3 dB, MZM extinction ¼ 30 dB, and PD responsivity ¼ 0.9 A/W. In this case, the overall NF will start to asymptote toward the pre-amplifier NF at around a 35-dB gain. The diamonds depict a second case for the optical parameter values as given at the beginning of this section (laser power ¼ 75 mW, RIN ¼ À150 dB/Hz @ 50 mW, MZM V ¼ 5 V, MZM insertion loss ¼ 4 dB, MZM extinction ¼ 25 dB, and PD responsivity ¼ 0:7 A/W). In this case, reasonable pre-amplification is around 40 dB. The squares depict a worst-case scenario where the laser power ¼ 50 mW, RIN ¼ À140 dB/Hz @ 50 mW, MZM V ¼ 6 V, MZM insertion loss ¼ 5 dB, MZM extinction ¼ 15 dB, and PD responsivity ¼ 0:5 A/W. In this case, much higher pre-amplifier gain is required ($55 dB) to decrease the NF close to the 4-dB mark. This is simply due to the increase in the NF and the RF loss in optical part of the link when optical components are not the optimum. Therefore, higher pre-amplification will be required to reduce the overall NF of the system. These results were confirmed by results from an analytical model where the NF and the loss of the optical link alone was obtained using an analytical model [1] and the overall NF is calculated by substituting this into the Friis equation with the gain and NF of the pre-and post-amplification stages. The very similar results obtained show the validity of the numerical simulation.
LSL
For the LSL, a 25-dB LNA was assumed before the À20-dB coupler. This gain value was a compromise between lowering the NF and saturation of the amplifier due to high powered signals. With commercial broadband amplifiers, the output power should be typically limited to approximately þ10 dBm before degradation due to spurious signals. Hence, the LSL will function up to À15 dBm input power signals with negligible spurious signals due to output compression. Fig. 6 shows the NF for the LSL when (a) MZM V, (b) MZM insertion loss, (c) laser power, and (d) laser RIN is varied with other parameters kept constant, as in Section 4.1. The diamond symbols represent an LSL with a 10-dB attenuator after the coupler, and the squares represent an LSL with no attenuator. The NF of the LSL is significantly larger than the HSL, and the effects of the laser power and RIN are more pronounced. However, it should be noted that the function of the LSL is to increase the MXS while maintaining reasonable noise performance. Also, the larger the attenuation, the larger the NF as well as the shift in the LSL output curves to the right, as shown in Fig. 2 . It will ultimately lead to complete separation of outputs from the HSL and LSL, and there will be no input power overlap for the switching operation. This will lead to a loss of signal within some input power range. Hence, too large a power difference between the HSL and LSL needs to be avoided. Fig. 7 shows the MXS for the LSL when (a) the MZM V and (b) MZM insertion loss is varied with other parameters kept constant as before. The MXS is approximately À20 dBm with no attenuator and À10 dBm when a 10-dB attenuator is used after the coupler. As expected, the MXS is larger by 10 dB when a 10-dB attenuator is used. Furthermore, we also note that larger V will give larger MXS, while the insertion loss of the MZM does not have a significant effect on the MXS of the link. As a result, a MZM with larger V will be preferable for the LSL to increase the power level without distortion of the signal. From these simulation results, the optimum pre-amplification for the HSL can be inferred to be 45 dB. This will provide a low NF with reasonable optical components. Also, as mentioned before, with the selection of pre-amplification for the HSL and the attenuation for the LSL, there must be operational input power level overlap between the two links. The MDS for the LSL with the 10-dB attenuator was measured to be À72 dBm, while the MXS for the HSL with 45 dB pre-amplification was À51 dBm, which gives the required 9 10 dB input power range overlap between the two links needed to achieve switching. Note that with 45 dB total pre-gain for the HSL, the maximum power difference between the HSL and LSL is limited to 60 dB in order to satisfy the 10-dB input power range overlap condition. Therefore, in this scenario, the maximum attenuator that can be inserted after the coupler will be 20 dB.
Detector Circuit
The RF detector circuit path consists of a photodiode, RF amplifier, optional narrow band filter, RF detector, optional log video amplifier, high-speed comparator circuit and switch driver circuit which generate a TTL control signal for the SP2T diode switch. If the dual link is designed to have large power difference between the HSL and LSL in order to obtain larger (9 50 dB) isolation for the LSL from the HSL, a SPST switch can be cascaded at each output of the two-way switch, which are then controlled by the same switching control circuit.
Due to the broad bandwidth of the detection path, there is a lower power limit where reliable switching can be achieved due to the high noise power into the RF detector. A reliable switching point is assumed to be at 10 dB SNR. Furthermore, to generate signals with sufficient voltage from the detector used in the experiment, approximately À20 dBm RF power is required into the RF detector at the switching trigger power point. These conditions put a lower input power limit for switching between links. Fig. 8 shows the total power into the RF detector versus input power for an HSL with 45 dB pre-amplification assuming 10% optical power tapped for the detection circuit. The figure shows that the aforementioned conditions are satisfied by the output signal and is achieved with a 25-dB RF gain in the detector path after the photodiode. With this setting, the minimum input power at which the detector circuit can achieve reliable switching is approximately À57 dBm input power. The sensitivity and the operating region of the detector path can be changed by the preamplifier gain or the post RF amplification. If better sensitivity is required, the detector circuit path can be band limited to frequency ranges where high power pulses are expected and was carried out in the implementation.
A suitable fiber length should also be selected for both HSL and LSL to accommodate sufficient delay for the switching latency. This was calculated to be 50 m of single mode fiber that will provide 9 240 ns of delay. This delay was computed by considering the following 10/20% to 80/90% rise times of each stage. RF detector (50 ns), comparator (10 ns), switch driver (5 ns), RF switch (150 ns), and additional 10% delay for variations. This is a conservative assumption for low power pulses that will just trigger the switching. With high power pulses, the decision circuit may work faster due to a faster slew rate. Finally, it is noted that a more sophisticated signal processing technique can be employed for the decision circuitry where the switch decision is made using both RF power levels from the HSL and LSL rather than power level only from the HSL; however, it is not discussed here.
Experimental Measurements
A ruggedized 40-GHz EDR-MPL was implemented with state-of-the-art commercially available components that could be field trialed. The input signals from two cavity backed circular polarized antenna elements with operation in microwave and mm-wave frequency regions were passed through RF limiters and separate microwave and millimeter-wave LNAs with $20-dB gain. The separate amplification bands can provide a mechanism to equalize the higher frequency roll-off in subsequent components by having larger amplification at higher frequency bands. After a combination of the microwave and millimeter-wave signal paths, the resultant broadband signal is passed through an RF coupler (À13 dB) and is split into the HSL and LSL paths. The HSL signal is further amplified by a broadband RF amplifier (28-dB gain). Therefore, the gain difference between the HSL and LSL is 9 40 dB. The two signals with the different power level are modulated onto two optical carriers using 40-GHz modulators (EOSPACE-Z cut) and transmitted via the optical fibers and detected by two high speed PDs with responsivity of $0.65 A/W and high optical power handling (16 dBm). One percent optical taps are used for bias control of the modulators, and another 10% optical tap from the HSL path is used for the detector path that activates the switch. The DFB laser had an output power of 20 dBm at a wavelength of $1550 nm. The detector path consisted of a 2-18-GHz post amplifier, optional narrowband Yttrium Iron Garnet (YIG) microwave filter (G 1 GHz), 40-GHz RF detector, and the detector circuitry. The frequency range in the detector path was limited to 2-18 GHz as high power signals were expected only within this frequency range. The YIG provided further narrowing of the frequency range to the detection circuitry that further increases the sensitivity of the switching operation. The HSL and LSL optical path also consists of 50-m optical fiber reels to give necessary time delay for the switching latency. The RF detector output amplitude and rise-time depends on the output impedance, as shown in Fig. 9 , due to the component RC time constant. As expected, with larger output impedance, we obtain larger amplitude but slower rise-time. Approximately 450 was selected as a compromise between sensitivity of detection and rise-time. The detector circuit consists of a high-speed comparator stage with adjustable threshold and hysteresis at the threshold, as well as a switch driver. The 40-GHz RF switch used has 5 dB insertion loss and an isolation of À60 dB. Typical measured switching time for the switch was 100 ns, and there is about an additional 15-ns delay in the comparator and the logic circuitry. This leads to a lower bound of the switch time to $150 ns which includes the trigger time, which is the time it takes to initiate the switch operation from pulsed input as diagrammatically shown in Fig. 10(a) . A small variation of this trigger time was observed with a different level of pulse amplitudes that triggers the switching, as depicted in Fig. 10 . When the signal pulse is very large, the trigger time could be as low as a few tens of nanoseconds. It is observed that this trigger time can increase to close to 100 ns with low pulse amplitudes where the detected signal level is very close to the switching threshold. The hysteresis avoids toggling of the switch due to noise. The 50-m fiber length selected was sufficient to allow for the largest delay in switching operation. It is noted that this switch time variance can be reduced considerably with the use of faster rise time detectors based on tunnel diodes with rise times of 5 ns, which are commercially available. This will also reduce the switching latency to G 150 ns. Further, the amplitude dependent switching jitter can be reduced by a zero-crossing detection scheme where the pulse is split into two unequal paths, delaying one part by the total rise time and combining. The zero crossing point will have much lower time variance due to change in amplitude, as shown in Fig. 10(b) . The experimental switching power range was À62 dBm to À70 dBm, which was adjusted to avoid saturation of the ADC units in the receiver. Note the range is lower compared with the discussion in Section 5 due to the smaller frequency range in the detection path.
The measured gain and NF of the HSL and LSL is shown in Table 2 at two different frequencies. Lower gain at millimeter-wave frequency is due to component response roll-off, and as mentioned earlier, this can be overcome by having larger gain millimeter-wave amplifier in the front end. The SFDR at 100 kHz was measured using the third-order intercept point (IP3) obtained through two tone measurements with the two frequencies at 10 and 10.1 GHz. The total dynamic range with the switching operation was measured to be 117 dB at 100 kHz noise bandwidth, which extends the dynamic range of a conventional photonic link by 9 30 dB at this bandwidth. The measured phase 
TABLE 2
Experimental results noise of the links varied from À131 dBc/Hz to À118 dBc/Hz @ 500 kHz offset across the 2-40 GHz frequency band.
This scheme may offer an effective method to increase the dynamic range of modern EW digital receiver systems. This dual photonic link architecture acts as a feedforward automatic gain control mechanism that can align two input power regions into a single input power range required by the receivers, with the fiber length providing the required delay for operation. This is the advantage of photonics as it is difficult to achieve this functionality with electronic techniques either using fast attenuators or electrical delays. Although the increase in the input dynamic range is noninstantaneous, the system should be particularly effective in low-to-medium density high-power pulsed environments. As with most feedforward gain control techniques, a limitation of this system is blinding of low power signals when the link operates in the low-sensitivity mode. However, the link will operate in the low-sensitivity mode only during the presence of a high power pulse. In addition, utilization of filter banks can further increase the versatility of the system.
Conclusion
This paper presented the design and experimental performance of an extended dynamic range MPL that is suitable for analog signal-remoting applications. The MPL consists of a parallel link topology consisting of an HSL defining the minimum detectable signal power and an LSL that defines the maximum input power. A detailed simulation study optimized the extended dynamic range of a 40-GHz link by changing the variables within practical limits of commercially available components. The optimum EDR-MPL was observed to be an HSL with two cascaded pre-amplifiers having a combined RF gain of 45 dB coupled with a MZM with lower half-wave switching voltage and an LSL with one low gain RF pre-amplifier (25 dB), a 10-dB attenuator after the RF coupler (À20 dB) that splits the signal into the two paths, and an MZM with a higher switching voltage. A total Bsynthetic[ dynamic range of more than 100 dB at 100 kHz noise bandwidth can be achieved with the MDS at À110 dBm and the MXS above À10 dBm using this EDR-MPL configuration. A practical dual link architecture was implemented with commercial off-the shelf components with 40-GHz bandwidth operation. Measurement of the system showed expected characteristics with the switching operation increasing the input power range into an EW digital receiver system. The design and results presented practical considerations in the switching signal path. These links can play a useful role in both analog and digital EW systems, especially in high-power pulsed environments where large dynamic range operation is required.
